Abstract The MET protooncogene encodes the receptor tyrosine kinase c-MET (MET). Aberrant activation of MET signaling occurs in a subset of advanced malignancies, including gastric cancer, and promotes tumor cell growth, survival, migration, and invasion as well as tumor angiogenesis, suggesting its potential importance as a therapeutic target. MET can be activated by two distinct pathways that are dependent on or independent of its ligand, hepatocyte growth factor (HGF), with the latter pathway having been attributed mostly to MET amplification in gastric cancer. Preclinical evidence has suggested that interruption of the HGF-MET axis either with antibodies to HGF or with MET tyrosine kinase inhibitors (TKIs) has antitumor effects in gastric cancer cells. Overexpression of MET occurs frequently in gastric cancer and has been proposed as a potential predictive biomarker for anti-MET therapy. However, several factors can trigger such MET upregulation in a manner independent of HGF, suggesting that gastric tumors with MET overexpression are not necessarily MET driven. On the other hand, gastric cancer cells with MET amplification are dependent on MET signaling for their survival and are thus vulnerable to MET TKI treatment. Given the low prevalence of MET amplification in gastric cancer (approximately 8 %), testing for this genetic change would substantially narrow the target population but it might constitute a better biomarker than MET overexpression for MET TKI therapy. We compare aberrant MET signaling dependent on the HGF-MET axis or on MET amplification as well as address clinical issues and challenges associated with the identification of appropriate biomarkers for MET-driven tumors.
Introduction
Gastric cancer is the fourth commonest malignant disease and the second leading cause of cancer death worldwide [1] . Individuals in whom gastric cancer has been newly diagnosed often present with advanced incurable disease. Furthermore, although the most effective treatment for localized disease is surgery, about half of all patients with advanced-stage disease experience recurrence after curative resection. The prognosis for patients with unresectable advanced or recurrent gastric cancer remains poor, with a median survival time of 9-12 months with conventional therapy [2] [3] [4] [5] [6] [7] [8] .
Certain genetically defined cancers are dependent on a single overactive oncogene for their proliferation and survival, a phenomenon known as ''oncogene addiction'' that is exemplified by mutant forms of the epidermal growth factor receptor (EGFR) gene and by the EML4-ALK fusion gene in non-small-cell lung cancer (NSCLC) as well as by amplification of the human EGFR2 (HER2) gene in breast cancer. A new generation of drugs-including tyrosine kinase inhibitors (TKIs) and monoclonal antibodies-that selectively target the products of such ''driver oncogenes'' have shown a therapeutic efficacy greater than that of conventional chemotherapy in individuals with these specific molecular alterations [9] [10] [11] [12] . In the case of metastatic gastric cancer, trastuzumab, an HER2-targeted antibody, in combination with chemotherapy was found to confer a significant increase in overall survival (OS) compared with chemotherapy alone [median of 13.8 months vs 11.1 months, hazard ratio (HR) of 0.74 with a 95 % confidence interval (CI) of 0.60-0.91, P = 0.0048] in HER2-positive patients [7] , who account for 7-17 % of individuals with this condition [13] [14] [15] . Trastuzumab is thus now a standard first-line treatment option for HER2-positive metastatic gastric cancer, and clinical trials evaluating a new class of HER2-targeted drugs such as pertuzumab and T-DM1 in the second-line setting are currently under way. However, for most individuals with metastatic gastric cancer who are negative for HER2, conventional therapy such as doublet or triplet combination chemotherapy remains the only treatment option [16] [17] [18] . Further research is thus warranted to identify new therapeutic targets for such patients.
Gastric cancer has been thought to be molecularly heterogeneous, suggesting the existence of driver oncogenes in addition to HER2 that might be amenable to pharmacological inhibition [19, 20] . Emerging evidence suggests that the aberrant activation of MET provides one of the most promising therapeutic targets in gastric cancer, with such activation currently being the subject of intense clinical investigation.
Oncogenic MET activation in cancer
The mesenchymal-epithelial transition factor protooncogene (MET) encodes the receptor tyrosine kinase c-MET (or MET), for which hepatocyte growth factor (HGF) is the only known ligand. In the canonical HGF-MET signaling pathway, the binding of HGF to MET results in receptor homodimerization, autophosphorylation of tyrosine residues in its carboxyl-terminal domain, and activation of mitogenactivated protein kinase, phosphoinositide 3-kinase, and Rac1-Cdc42 signaling [21] . Whereas normal activation of MET is essential for wound healing and embryonic development [22] , aberrant activation of MET signaling in a subset of advanced cancers [23] [24] [25] [26] [27] suppresses apoptosis and promotes cell proliferation, motility, migration, and invasion [28] . Furthermore, excessive activation of MET results in the transphosphorylation of and formation of heterodimers with other receptor tyrosine kinases, including EGFR, HER2, HER3, and RET [29] . Such heterodimers allow bypass signaling that can give rise to resistance to EGFR-or HER2-targeted therapy, as has been demonstrated in NSCLC cells [30, 31] and colorectal cancer cells [32, 33] as well as in gastric cancer cells [34] [35] [36] .
Two types of oncogenic MET signaling have been identified that differ with regard to ligand dependency: HGF-dependent MET activation (HGF-MET axis) and HGF-independent activation of MET, in which genetic alterations give rise to constitutive activation of the kinase [37] . In gastric cancer, gain-of-function mutations of MET are exceedingly rare [38] [39] [40] , with ligand-independent activation of MET having been attributed to gene amplification [41] [42] [43] .
Role of the HGF-MET axis in gastric cancer cells
Preclinical models have shown that activation of MET signaling by HGF in gastric cancer cell lines promotes tumorigenesis and metastasis. HGF-mediated MET activation has also been found to promote the epithelialmesenchymal transition and to inhibit detachment-induced apoptosis (anoikis) in preclinical models of gastric cancer [44] , suggesting that the HGF-MET axis might contribute to metastatic transformation in this malignant disease. Inhibition of HGF-MET signaling with antibodies to HGF or with MET kinase inhibitors attenuates tumor growth and metastatic dissemination in vitro or in vivo [44] [45] [46] . Biomarkers able to identify gastric cancer cells that require HGF-mediated activation of MET for their survival have remained obscure, however.
Role of MET amplification in gastric cancer
A role for MET amplification in gastric cancer was demonstrated in preclinical studies performed in vitro. Inhibition of MET kinase activity with a MET TKI or MET knockdown by RNA interference resulted in downregulation of AKT and obscure extracellular-signal-regulated kinase phosphorylation and consequent induction of apoptosis in gastric cancer cells positive for MET amplification but not in those negative for this genetic alteration [47] [48] [49] . A MET TKI also showed a marked antitumor effect on gastric cancer xenografts positive for MET amplification, whereas it had little effect on those without this genetic change [48] . These results suggested that MET signaling is essential for the survival of gastric cancer cells with MET amplification but not for that of those without it, and they demonstrate that attenuation of MET signaling with a small-molecule MET inhibitor has marked antitumor effects both in vitro and in vivo.
Biomarkers for MET-driven gastric cancer
Given the efficacy of MET-targeted therapy in preclinical models, it became important to determine the prevalence of MET-driven tumors in patients with metastatic gastric cancer. To date, various studies have measured different biomarkers in order to detect aberrant MET activation, including MET protein, MET messenger RNA, and MET gene alterations such as copy number gain and amplification.
MET-targeted therapy for advanced gastric cancer
Several drugs that target MET signaling, including both antibodies and small-molecule inhibitors, have been evaluated in patients with gastric cancer. Whereas antibodies have been directed against either HGF or MET to prevent ligand-receptor interaction and thereby to block downstream MET signaling, most MET TKIs are designed to target the active site in the intracellular domain of the receptor and thereby to block receptor phosphorylation and downstream signaling. MET TKIs are thus able to inhibit both ligand-dependent and ligand-independent MET activation, whereas antibodies to HGF or MET inhibit only HGF-mediated MET activation.
Targeting of the HGF-MET axis by monoclonal antibodies
One approach to pathway-selective anticancer therapy is antagonism of ligand-receptor interaction. The evidence implicating aberrant HGF-MET signaling in gastric tumorigenesis together with promising early clinical results obtained with agents that target such signaling has triggered substantial clinical development efforts. The monoclonal antibodies rilotumumab and onartuzumab have been evaluated in phase III trials in gastric cancer.
Rilotumumab (AMG 102) is a fully human monoclonal antibody (IgG2) that binds with high affinity to and neutralizes human HGF [50] . A phase II study evaluating the addition of rilotumumab to the combination of epirubicin plus cisplatin plus capecitabine in patients with gastric or esophagogastric junction adenocarcinoma revealed that those with MET-high tumors (more than 50 % of cells positive for MET expression by immunohistochemistry) had superior survival when treated with rilotumumab compared with those with MET-low tumors (OS of 11.1 months vs 5.7 months, HR of 0.29, P = 0.012) [51] . Conversely, patients with MET-low tumors treated with chemotherapy plus rilotumumab tended to have a worse survival compared with those treated with chemotherapy alone [51] . An exposure-response analysis showed that increased exposure to rilotumumab was associated with improvements in both progression-free survival (PFS) and OS in MET-high patients [52] .
RILOMET-1, a randomized, global, double-blind, placebo-controlled phase III study of rilotumumab in combination with epirubicin plus cisplatin plus capecitabine as first-line treatment for advanced MET-positive gastric or esophagogastric cancer (NCT01697072), was conducted with OS as the primary end point [53] . Associations between outcome and tumor or circulating biomarkers were also examined as an exploratory analysis. Patient enrollment began in November 2012, but it was announced in November 2014 that the trial had been terminated because a planned safety review found an increase in the number of deaths in the rilotumumab-pluschemotherapy treatment arm (rilotumumab arm, 128 deaths) compared with the chemotherapy-only arm (placebo arm, 107 deaths). As a result, OS (5.7 months vs 5.7 months, HR of 1.37 with a 95 % CI of 1.06-1.78), PFS (9.6 months vs 11.5 months, HR of 1.30 with a 95 % CI of 1.05-1.62), and overall response rate (30 % vs 39.2 %, odds ratio of 0.67 with a 95 % CI of 0.46-0.96) were statistically worse in the rilotumumab arm. Furthermore, no subgroups appeared to benefit from rilotumumab treatment, including those patients with a higher percentage of cells with 1? or greater MET expression [54] . All clinical trials evaluating rilotumumab in gastric cancer were therefore terminated (http://wwwext.amgen.com/media/ media_pr_detail.jsp?year=2014&releaseID=1992492; accessed 24 September 2015).
Onartuzumab is a fully humanized, monovalent antibody to MET (IgG1) that inhibits HGF binding and subsequent receptor activation [55] . It does not trigger the dimerization and consequent activation of the receptor observed with some bivalent antibodies [56] . In a phase I trial in which onartuzumab showed activity against a variety of tumor types, a complete and durable response was apparent in a female gastric cancer patient with high MET polysomy and MET overexpression [57] . Clinical development of onartuzumab was pursued in NSCLC before gastric cancer. A randomized phase II trial with relapsed NSCLC patients revealed that onartuzumab together with the EGFR TKI erlotinib conferred a better PFS and OS compared with erlotinib alone in MET-positive cases, which were defined prospectively as those in which more than 50 % of tumor cells were positive for MET expression by immunohistochemistry [58] . In contrast, a detrimental effect of the combination therapy compared with erlotinib alone was observed in MET-negative patients. On the basis of these observations, the design of a phase III study (MetLung, NCT1234567) was restricted to MET-positive patients [59] . However, the MetLung study failed to meet its primary end point of OS [60] .
For further clinical evaluation of onartuzumab in HER2-negative metastatic gastric cancer, a couple of randomized trials were conducted concurrently. YO28252 (NCT01590719) was a phase II trial of onartuzumab plus mFOLFOX6 (onartuzumab arm) versus placebo plus mFOLFOX6 (placebo arm) in the first-line setting (planned n = 120), with PFS as the primary end point. This phase II study also planned to evaluate the clinical profile of onartuzumab in MET-positive versus MET-negative patients. However, YO28252 failed to demonstrate efficacy from addition of onartuzumab to mFOLFOX6 therapy (median PFS of 6.77 months for the onartuzumab arm and 6.97 months for the placebo arm; HR of 1.08 with a 95 % CI of 0.71-1.63) [61] . Onartuzumab was also ineffective in the MET-positive subgroup (median PFS of 5.95 months for the onartuzumab arm and 6.8 months for the placebo arm; HR of 1.38 with a 95 % CI of 0. 60-3.20) . No difference in efficacy was noted with an alternative definition of MET positivity based on staining intensity instead of the percentage of tumor cells positive for MET staining by immunohistochemistry.
MetGastric (YO28322, NCT01662869) was a phase III trial of onartuzumab plus mFOLFOX6 versus placebo plus mFOLFOX6 in the first-line setting (planned n = 800) [62] . Unlike YO28252, MetGastric was restricted to patients with gastric cancer positive for MET by immunohistochemistry. The primary end point of the study was OS in all patients as well as in a subgroup with staining scores of 2 or 3 (on a scale of 0-3) for MET immunohistochemistry (based on previous results for NSCLC [58] ). As a consequence of the negative results from YO28252, however, enrollment for MetGastric was stopped early. At data cutoff (April 25, 2014), the intention-to-treat population comprised 562 patients, 26 % of whom in each arm had an OS event. Consistent with the results of the previous phase II study, MetGastric failed to show a benefit for the addition of onartuzumab to mFOLFOX6 therapy both in the intention-to-treat population (median OS of 11.0 months for the onartuzumab arm vs 11.3 months for the placebo arm; HR of 1.38, P = 0.244) and in those patients with a MET staining score of 2 or 3 (median OS of 11.0 months for the onartuzumab arm vs 9.7 months for the placebo arm; HR of 0.64, P = 0.062) [63] .
Issues in the development of HGF-or MET-targeted antibody therapy for advanced gastric cancer
There are several possible explanations for the disappointing results obtained with rilotumumab and onartuzumab in gastric cancer. In addition to the toxicity of these drugs, one possibility is a failure to identify the appropriate target population, a key and problematic issue in the clinical development of targeted agents.
Overexpression of MET as determined by immunohistochemistry has been extensively examined in gastric tumor tissue. In recent retrospective studies in which the expression of MET was determined by this approach in gastric tumor specimens obtained after tumor resection, MET overexpression was detected in 4-63 % of cases [64] [65] [66] [67] [68] [69] . Possible reasons for this wide variation in the frequency of this biomarker include the absence of consensus on scoring criteria for MET immunohistochemistry, encompassing the use of different sample types, interreader variability, and differences in tissue processing and storage, primary and secondary antibodies, staining protocols, and scoring methods [70, 71] . Furthermore, increased MET expression in the absence of gene amplification can occur in a manner independent of HGF [72, 73] and as a result of transcriptional upregulation by the products of other oncogenes [74, 75] , environmental conditions such as hypoxia [76] , and agents secreted by reactive stroma such as inflammatory cytokines and proangiogenic factors [77] . Importantly, it is not always the case that tumors with MET overexpression are MET driven.
The successful development of HER2-directed therapy for gastric cancer has emphasized the importance of rigorous target assessment. Unlike HER2, for which no specific ligand has been identified, MET signaling is activated by HGF as well as by gene amplification. Most tumors dependent on HER2 signaling can be identified by immunohistochemistry alone, given the agreement in results obtained by this technique and by detection of gene amplification, whereas the relation between MET overexpression and the dependence of a tumor on signaling by the HGF-MET axis remains unclear. The clinical trials of antibodies to HGF or to MET have nevertheless adopted MET overexpression as a biomarker for patient selection, possibly contributing to a failure to identify the appropriate target population. Although previous biomarker studies have found a positive correlation between MET positivity and the efficacy of such antibodies [52, 58] , immunohistochemistry alone might not be sufficiently accurate for consistent measurement of MET, as suggested by the retrospective studies mentioned above, indicating that complementary assays are needed. Indeed, although the prevalence of MET amplification in gastric cancer is on the order of 8 %, tumors with MET amplification may overexpress MET but are likely resistant to HGF-or METtargeted antibodies, given that such antibodies inhibit only HGF binding to MET.
In the RILOMET-1 trial, OS, PFS, and response rate were significantly worse in the rilotumumab arm than in the placebo arm among the MET-positive cohort [54] . The reason for this detrimental effect remains unclear, but a possible explanation can be envisioned. HGF-MET signaling was recently shown to be required for the recruitment of antitumoral neutrophils in mice [78] . Deletion of the MET gene in neutrophils was found to be associated with increased tumor growth and metastasis, whereas MET-expressing neutrophils were shown to be enriched within tumors and to contribute to cancer cell killing. Such transmigration of antitumoral MET-positive neutrophils was dependent on HGF stimulation. These findings thus raise the possibility that blockade of HGF-MET signaling may promote tumor progression by interfering with the activity of antitumoral neutrophils. Further biomarker studies are thus warranted to identify a gastric cancer subpopulation with a realistic chance of benefiting from therapeutic antibodies to HGF or MET.
Targeting MET amplification with MET TKIs
In contrast to the development of antibodies specific for HGF or MET, MET TKIs have been examined only in early-phase studies, with no randomized trials of these drugs currently under way in patients with metastatic gastric cancer.
Foretinib (GSK1363089), a multikinase inhibitor targeting MET, RON, AXL, TIE2, and vascular endothelial growth factor receptor 2, failed to show antitumor activity in a single-arm phase II study of patients with molecularly unselected metastatic gastric cancer or those with METamplification-positive tumors [79] . This study enrolled 74 patients, of whom only three individuals manifested MET amplification as determined by fluorescence in situ hybridization (FISH) and defined as a MET to centromeric portion of chromosome 7 (CEP7) ratio greater than 2. Twenty patients (27 %) had an increased MET copy number due to polysomy. No patient, including those patients with MET amplification, achieved a complete or partial response.
Tivantinib (ARQ197), a MET TKI with microtubuledisrupting activity similar to that of vincristine [80] , also failed to show clinical activity as monotherapy in unselected patients with previously treated metastatic gastric cancer [81] . In this study, no tumor responses were observed among 31 advanced gastric cancer patients, including two individuals with MET amplification.
Crizotinib (PF-02341066), a TKI that inhibits the tyrosine kinase activity of MET [48, 82] as well as that of oncogenic fusion variants of ALK [83] , was found to induce a marked clinical response in two of four patients with gastric cancer positive for MET amplification (MET/ CEP7 ratio greater than 2.2) [84] . One patient experienced a rapid symptomatic response, with an increase in appetite, reduction in pain, and improvement in performance status after 1 week of crizotinib treatment. A partial tumor response was revealed by a computed tomography scan at the end of the second treatment cycle (8 weeks) and was confirmed at 12 weeks. In the second patient, rapid clinical improvement, with reduced pain and improved performance status after 1 week of crizotinib treatment, was also apparent. The time to progression for these two patients receiving crizotinib treatment was approximately 112 and 105 days, respectively. A recent study also demonstrated the efficacy of crizotinib in a patient with stage IV gastric cancer positive for MET amplification (MET/CEP7 ratio of 2.0 or greater or 15 or more copies of genes in 10 % or more of tumor cells) [85] . Although crizotinib was administered as a fourth-line therapy in this patient, radiographic evidence of tumor shrinkage and symptomatic improvement were apparent after 3 weeks of treatment.
The clinical activity, safety, and tolerability of AMG 337, a highly selective MET TKI, were also recently investigated in a phase I study including 51 patients with gastroesophageal cancer. Thirteen individuals had tumors positive for MET amplification as detected by FISH, among whom one patient achieved a complete response that was maintained for 100 weeks and seven patients showed a partial response with a duration of up to 52 weeks, yielding a response rate of 62 % [86] .
Future challenges in MET TKI therapy for advanced gastric cancer
The conflicting clinical results obtained with MET TKIs suggest that there are at least two lessons to be learned before moving forward with MET-targeted therapy. First, it might be better to pursue highly selective MET TKIs rather than multitargeted kinase inhibitors. Otherwise, the relation between drug efficacy and MET amplification is not clear. Second, MET TKIs should be evaluated in a selected population of patients with tumors positive for MET amplification as determined by FISH.
To date, MET amplification has not been consistently well defined, leading to potential confusion between MET amplification and MET copy number gain [87] . The prevalence of MET amplification has thus varied in the literature. Studies based on FISH analysis have identified MET amplification in up to approximately 8 % of patients with gastric cancer [42, 49, 67, 84, 88, 89] , whereas an increase in MET copy number has been found in up to approximately 20 % of gastric cancer patients by Southern blot analysis [41, 43] or by polymerase chain reaction (PCR)-based assays [90] [91] [92] (Table 1) . As discussed elsewhere [87] , whereas Southern blot analysis and PCR-based assays measure a gain in gene copy number regardless of the underlying mechanism, FISH is able to distinguish gene amplification from polysomy. Gastric cancer with an increased MET copy number due to polysomy 7 may not be MET driven, given that breast tumors with an increased HER2 copy number as a result of polysomy 17 behave as HER2-negative tumors [93] . The finding that approximately 30 % of gastric tumors with an increased MET copy number manifested polysomy 7 [88] highlights the importance of identification of MET amplification with the use of the definitive assay, FISH.
Indeed, a phase I trial of crizotinib for patients with MET-amplification-positive NSCLC (NCT00585195) found that of the 12 evaluable patients, four individuals (33 %) showed a partial response, one of whom had an intermediate MET/CEP7 ratio (greater than 2.2 to less than 5.0) and three had a high MET/CEP7 ratio (5.0 or greater) [94] . Furthermore, crizotinib also induced a partial response in one patient with glioblastoma [95] and opne patient with squamous cell lung cancer [96] , with both tumors being found to be positive for MET amplification (MET/CEP7 ratio greater than 2.2) as determined by FISH. Accumulating clinical evidence thus suggests that MET amplification as strictly defined by a MET/CEP7 ratio greater than 2.2 has the potential to act as an oncogenic driver and thereby to render at least a subset of affected tumors responsive to crizotinib [87] .
Further clinical trials of selective MET TKIs are thus strongly warranted for patients with metastatic gastric cancer positive for MET amplification as strictly defined by a MET/CEP7 ratio greater than 2.2 determined by FISH.
Conclusion
Preclinical evidence has suggested that the HGF-MET axis and MET amplification are potential ''druggable'' targets in gastric cancer, with both HGF-or MET-targeted antibodies and MET TKIs currently being the subject of intensive clinical investigation. Given that antibodies to HGF or MET antagonize HGF binding to MET, they are designed to overcome aberrant signaling by the HGF-MET axis, and MET overexpression as determined by immunohistochemistry has been adopted as a predictive biomarker for treatment with these drugs. However, recent randomized trials of rilotumumab and onartuzumab have shown disappointing results for patients with gastric cancer selected on the basis of MET positivity by immunohistochemistry, suggesting that immunohistochemistry alone is unreliable for selection of the target population. Further study is thus warranted to establish a biomarker that will allow selection of a subpopulation of gastric cancer patients likely to benefit from the antibodies. On the other hand, most MET TKIs are designed to target the active site in the intracellular domain of the receptor and thereby to inhibit receptor phosphorylation and downstream signaling. Preclinical models have shown MET TKIs to have substantial antitumor activity against gastric cancer positive for MET amplification. However, MET amplification has not been well defined in patients with gastric cancer, possibly in part because of the difficulty in evaluating gene amplification. A phase I trial of crizotinib suggested that tumors with MET amplification as strictly defined by a MET/CEP7 ratio greater than 2.2 and determined by FISH are potentially sensitive to MET TKI treatment. Further clinical trials of selective MET TKIs are thus strongly warranted for patients with metastatic gastric cancer positive for MET amplification as strictly defined by FISH.
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